Dispersed fluorescence (DF) spectra of 1-propoxy, 1-butoxy, 2-propoxy and 2-butoxy radicals have been observed under supersonic jet cooling conditions by pumping different vibronic bands of the B-X laser induced fluorescence excitation spectrum. The DF spectra were recorded for both conformers of 1-propoxy, three conformers of the possible five of 1-butoxy, the one possible conformer of 2-propoxy and two conformers of the possible three of 2-butoxy. Analysis of the spectra yield the energy separations of the vibrationless levels of the ground X and low-lying A electronic state as well as their vibrational frequencies. In all cases, the vibrational structure of the DF spectra is dominated by a CO stretch progression yielding the νCO stretching frequency for the X state and in most cases for the A state. In addition to the experimental work, quantum chemical calculations were carried out to aid the assignment of the vibrational levels of the X state and for some conformers the A state as well. Geometry optimizations of the different conformers of the isomers were performed and their energy differences in the ground states were determined. The results of the calculation of the energy separations of the close-lying X and A states of the different conformations are provided for comparison with the experimental observations.
Introduction
The oxidation of hydrocarbons is among the most important of chemical processes, with combustion and the degradation of volatile organic compounds injected in our atmosphere being the prime examples. The reactions of the simplest oxygen-containing organic radicals, e.g., alkoxy, RO, and peroxy, RO 2 radicals, affect the yield of ozone, air toxics, and organic aerosols in the atmosphere.
1 Combustion of hydrocarbon fuels at temperatures ≤ 1000 K share many mechanistic details with their atmospheric oxidation. The existence of multiple reaction pathways for these radicals complicates efforts for the understanding of the potential oxidation scheme of hydrocarbons, as it is the competition among the various radical reactions pathways that determines the end-products of the oxidation. 2 Hence elucidation of their chemistry is paramount for obtaining a better understanding of combustion processes and the impact of hydrocarbons in the atmosphere.
This report concerns itself with the alkoxy radicals. There have been extensive spectroscopic investigations, via the B-X electronic transition, of the smaller alkoxy radicals 3 as well as some studies of larger ones. Laser-induced fluorescence (LIF) excitation spectroscopy of jet-cooled radicals has provided a good deal of information about the excited states. Very recently, high resolution rotationally resolved spectroscopy of a number of bands of jet-cooled primary alkoxy radicals 5, 6 yielded detailed information about the structure and geometries of both the B and X states. It was found that various bands of the LIF spectra uniquely correlated with different conformers of a given structural isomer.
However, information about the excitation energy of the low-lying A state as well as the ground X state's vibrational structure and dynamics has been relatively sparse. A suitable technique for investigating this area is laser excited, dispersed fluorescence (DF) spectroscopy. It has been used to probe the vibronic levels in the ground state of CH 3 O 7 and C 2 H 5 O. 8 However, DF studies have not been extended to larger alkoxy radicals thus far.
The alkoxy radicals can be viewed as derivatives of methoxy. While the nominal point-group symmetry of methoxy is C 3v , for all other alkoxy radicals the symmetry is lower (except possibly for t-butoxy). Upon the lowering of the point-group symmetry, the ground electronic state of methoxy, 2 E, is resolved into a pair of states with the ground state designated as X and the lowest lying excited state as A. The first excited state of methoxy is electronically non-degenerate and corresponds to a state designated as B for the alkoxies larger than methoxy (except t-butoxy). The LIF excitation spectrum involves theB ←X transition while the DF spectra involve theB →Ã andB →X emission. The B state excitation is well-known to be nominally a one-electron excitation of a p-σ bonding electron to fill the half-filled p-π orbital localized on the O atom.
In the present work, LIF spectroscopy was combined with supersonic free jet expansion techniques to record the DF spectra from a number of B state levels of the 1-and 2-isomers of the propoxy and butoxy radicals for the first time. These spectra can yield the first direct measurements of the A − X electronic state separation. Emission was observed primarily to the CO vibrationless level and excited stretch and CCO vibrational modes (or modes coupled with these motions) of both the X and A states. The DF data also serve to support the identification of multiple conformations of the alkoxy radicals.
Extensive quantum chemical computations were carried out as an aid to the assignment of the observed vibronic bands. Both the A-X energy gap and the X and A vibrational frequencies can be used as benchmarks against which theoretical treatments of these complex radicals can be measured. Information about the A-X energy separation is important for a better understanding of the vibronic interactions between these close-lying, lowest energy states. The A-X separation is also very important for understanding the kinetics and detailed dynamics of the alkoxy radicals as the degree of A state participation in thermal reactions is dependent upon its excitation energy. The separation is also critical to an understanding of the ground state spin-rotation splittings.
The remainder of this paper is organized as follows. In section 2 an outline of the experimental details is given. The analysis of the experimental spectra takes place in section 3. Section 4 centers on a number of aspects pertaining to the structure and spectra of the primary and secondary alkoxies. The paper's conclusions are presented in Section 5.
Experimental Details
The alkyl nitrite precursor molecules were prepared by the dropwise addition of the concentrated sulfuric acid to a saturated solution of NaNO 2 and the corresponding alcohol. 9 A few torr of the alkyl nitrite vapor was entrained into the jet flow by passing helium at a suitable backing pressure over the liquid contained in a stainless steel reservoir maintained at a suitable temperature depending upon the vapor pressure. A summary of the experimental conditions is given in Table 1 . The seeded flow was then expanded through a 300-µm standard pulsed nozzle (General Valve) into the jet chamber which was evacuated by a mechanical booster pump backed by a rotary oil pump. To produce the alkoxy radicals, photolysis of the precursors just above the throat of the nozzle was performed using the output of a tripled Nd:YAG laser (Quanta-Ray DCR-2, 355 nm). This produced the desired alkoxy radicals which were then probed about 10 mm downstream from the photolysis laser. The probe beam was the frequency doubled output (Inrad Autotracker II) of a tunable dye laser (SpectraPhysics PDL-3) pumped by the second harmonic of a Nd:YAG (Quanta-Ray DCR) laser at 532 nm. This work required the use of three laser dyes (LDS 698, 750 and 751) which spanned appropriate spectral regions for the DF excitation frequencies. The delay time between the firing of the photolysis and dye lasers, along with the time delay and the opening time of the nozzle, were controlled by a pulse generator (Stanford Research DG535).
The photolysis and probe beams counterpropagated through the vacuum chamber. The fluorescence signal was collected perpendicularly to the laser beams. On one side of the chamber, the fluorescence emission was collimated by an 1 in. diameter lens (f/1) and a second lens focused the radiation onto the photocathode of the photomultiplier tube (EMI 9659Q) connected to an amplifier. The amplified LIF signal was integrated by a boxcar averager, digitized by an A/D converter and fed into a personal computer for further data processing. On the other side of the chamber, the fluorescence emission was dispersed by a Spectra Pro 300i monochromator using a 1800 grooves/mm grating and then imaged onto an intensified charge-coupled device (ICCD). The detection of the dispersed photons for the secondary alkoxies was done exclusively with the Princeton Instruments PI-MAX512HB camera. In the case of the primary alkoxies two cameras were used, the above one and a second one, Princeton Instruments PI-MAX512RB. The emission frequencies reported for the DF spectra of the alkoxies were obtained by calibrating them against a Fe-Ne lamp, or known laser frequencies.
Results
DF spectra were observed for both the propoxy and butoxy radicals. There are two isomers for propoxy; the linear chain isomer, 1-propoxy, and the branched chain one denoted as 2-propoxy, often referred to as isopropoxy. In the case of the butoxy radicals, there exist four possible isomers two of which will be the focus of this work, namely the 1-butoxy and 2-butoxy species.
It is known that different conformations can exist for a given structural isomer. Therefore, theoretically speaking, one should anticipate two different conformers for 1-propoxy and one possible conformation for isopropoxy. Five conformations are possible for 1-butoxy and three for 2-butoxy. High-resolution spectroscopic studies have identified, 5, 6 via detailed analysis of the rotational structure of the vibronic bands, both conformers of 1-propoxy and three of 1-butoxy populated in the free jet expansion. The conformers for 1-propoxy are denoted as gauche (G) and trans (T ). G is a C 1 -symmetry structure and T is of C s symmetry. For 1-butoxy the corresponding conformations (point-group symmetries) are
. The reflection plane of symmetry in 2-propoxy classifies it as a C s -symmetry structure. 2-Butoxy possesses the gauche clockwise conformer, G+ (C 1 ), the trans, T (C 1 ) conformer and the gauche counterclockwise conformation G− (C 1 ) (see Fig. 1 ). Because of the chiral stereocenter in 2-butoxy, enantiomers are expected in each conformer. They should give identical spectra, thus there are only three unique conformer spectra possible for 2-butoxy.
Quantum Chemistry Calculations
To aid the assignment process we have carried out a number of quantum chemistry calculations. These included (i) the geometry optimization of the different conformers of the primary and secondary radicals and the determination of their relative energy difference in their ground electronic state; (ii) the calculation of the energy separations of the close-lying A and X states for each conformer; (iii) the calculation of the harmonic vibrational frequencies of the conformers in their ground state. These calculations have been performed by the Gaussian 98 program package 10 at the B3LYP/6-31+G* level of theory. The geometry optimization of all of the conformers was done at C 1 symmetry. Tables 2, 3 and 4-7 summarize the computational results (i),
(ii) and, in part (iii), respectively. The first two columns of the tables label and give the value of the harmonic frequencies obtained at the C 1 symmetry minimum while their vibrational character is described in terms of (i) CO stretch and (ii) CCO deformation, and (iii) other motions in the remaining three columns. These determinations are based upon visual inspections of the vibrational motion as displayed by GaussView (Gaussian, Inc.). It is a useful guide for the assignment process to approximately know the degree of participation of the CO stretch and the CCO deformation in the vibrational character of each mode, since for these directions alone are there substantial differences in the X and B geometry leading to significant Franck-Condon factors for progressions in modes containing these motions. The Tables contained in the Supplementary Material show that generally there appear to be few pronounced differences among the vibrational frequencies of the possible conformers for the alkoxy radicals. Table 2 gives the calculated energies of the conformer. It is worthwhile noting that the conformer that is calculated to be lowest in energy for each isomer, has always been observed experimentally. However, the conformer populations are certainly not in equilibrium at the rotational temperature (1.0-1.5 K). For the aforementioned C s -structures, we conclude from the calculations no serious distortion of the PES of the ground state is expected, hence one would not expect vibrational progressions other than the totally symmetric ones to be promoted significantly in the excited electronic state.
Finally it is worth mentioning a possibly obvious but quite important point. In percentage terms we expect the calculation of the vibrational frequencies of both the X and A states to be much more accurate the A − X separation. The problem with the latter prediction, of course, is that the A − X difference is very small compared to the computed absolute energies of the states, which means that even if the absolute error in the states' energies is small the error in the difference can be relatively large. To get accurate A− X values would require a very large basis set with high-quality (correlation) methods. One could also have to take into account all the auxiliary corrections (e.g., relativistic, Born-Oppenheimer breakdown, core-correlation, anharmonic ZPE corrections).
DF observations
Figures 2 and 3 show survey scans of LIF spectra of the primary and secondary alkoxy radicals, respectively.
Laser excited DF spectra were recorded for a number of vibronic bands labeled by the letters shown in the corresponding LIF traces.
In principle, the DF spectra provide a direct experimental way of obtaining the energy difference between the A and X states. However to accurately determine the origin of the A state, one needs to uniquely identify the B-A origin band among bands belonging to the vibrationally excited levels of the X ( A) states, the latter of course giving valuable information about the vibrational frequencies of these states. Our assignments were aided with quantum chemical predictions of both the energy separation of these two states and the vibrational levels for the ground electronic state. From the present and previous 11 computational work, we have found the PES for the close-lying A state to be similar to that of the ground state. Hence the vibrational frequencies are not expected to differ greatly between these two electronic states, with the exception of some possible frequencies that exhibit pseudo-Jahn-Teller activity for the C s conformers.
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It is pertinent to mention the following additional principles upon which we base our assignments of the vibrational levels of theX andÃ states:(i) under C s -symmetry (or near C s -symmetry), only the totally symmetric fundamentals are electronically allowed and therefore these are expected to exhibit the strongest fluorescence intensity; (ii) only vibrations of CO stretch or CCO deformation (bend or twist), or vibrations coupled to those, are anticipated to have significant non-diagonal Franck-Condon factors, since the B, A and X potentials are quite similar along other modes, as the electronic transition is localized on the O atom.
1-Propoxy
For 1-propoxy, the DF spectra were recorded by pumping bands A and B shown in The T conformer of 1-propoxy is a nominally C s -symmetry structure and therefore one would expect the totally symmetric fundamental frequencies to dominate in the DF spectrum. It is the CO stretch motion that is expected to exhibit the strongest fluorescence intensity, thus the strongest transitions should be assigned to CO stretch vibrations. A strong progression in the X state of the T conformer can immediately be identified with a 1-0 vibrational interval of 1050 cm −1 red shifted from the X state origin located at 0 cm −1 .
We attribute this main vibrational progression to ν 18 , as this mode has the strongest CO stretch character among all of the modes (see Table 4 ). Mode ν 19 involves significant but less participation of the CO stretch motion than ν 18 and that is analogously reflected in the DF spectrum via the fluorescence intensity of the corresponding 1-0 band assigned to the 1017 cm −1 peak in Table 8 .
Based upon the match with the theoretically calculated frequencies (see Table 8 ), we have assigned several other, lower intensity, totally symmetric fundamentals to the X state. The bands at 274 (ν Their proximity may result in intensity borrowing between these bands. Non-totally symmetric fundamentals are not allowed by symmetry considerations, and their overtones, though are not prohibited, are expected to be generally weak. However, the first overtone of ν X 24 , which is the most pseudo-Jahn-Teller-active vibrational mode, may be a suitable candidate for the band appearing at 662 cm −1 .
By analogy with the reasoning for the X state assignments, we anticipate the totally symmetric CO stretch modes to have large fluorescence intensities in the transition to the A state as well. However, the identification of the vibrationless level of the A state is the first step for assignments of the A state vibrational levels. As Fig. 4 shows, we have identified the band at 321 cm −1 as the vibrationless level of the A state. The two theoretically calculated X state vibrational frequencies closest to this value that are expected to show fluorescence intensity correspond to 270 and 475 cm −1 (see Table 4 ). In addition to the mismatch in frequency (which is large but not impossible given possible computational errors), the magnitude of the observed fluorescence intensity discourages the assignment of this band to either of these two vibrations. Our theoretically calculated A-X separation quoted in The G conformer of 1-propoxy is a C 1 -symmetry structure and hence one may not preclude the appearance of any of its vibrations in the DF spectrum. However, again it is the CO stretch character that carries most of the oscillator strength, therefore the strongest transitions should be connected with the CO stretch vibrations. In the DF spectrum of the G conformer (see Fig. 5 ), a strong progression in the X state can immediately be identified with a vibrational spacing of 1066 cm −1 , which as in the T conformer, we attribute to ν 18 (see Table 2 of the Supplementary Material). The second strongest transition below 1700 cm −1 peaks at 973 cm −1 and is assigned to ν 19 , which also has significant CO stretch character. Table 9 presents a number of assigned vibrational bands based upon matches with calculated frequencies. Indeed in this C 1 -symmetry molecule, there appears to be a peak assignable to every vibrational mode expected below frequencies in the energy region higher than 2000 cm −1 of red shift strongly validates our previous assignments of the combination bands with ν X 18 .
One notes that unlike the T conformer, in the G conformer the A state origin (nor excited vibrations)
does not distinctly appear in the spectrum. The theoretical predictions (see Table 3 ) indicate that the A state origin lies very close to the X state origin. The experimental resolution could be insufficient to resolve the B − A and B − X transitions. In this case the experimental resolution places an upper limit on the
A second possibility would be that the A state origin appears at a resolvable separation from that of the X state but with considerably diminished intensity. Whereas in the T conformation one can easily identify the A state origin as well as the vibrational structures built upon the bands belonging to it, in the G conformer it is difficult to make comparable assignments. What is different in the later case is that the symmetry is Of course we do not expect this simple model to be completely correct and we also expect some variation in the B − X and B − A intensities along the strong CO stretch progression. Indeed for the alkoxies as a whole the B − A transition seems to slightly increase in intensity for higher CO stretch quanta. It therefore seems reasonable to look for B − A CO stretch bands in the vicinity of the corresponding B − X bands. and 3183 (ν X for the majority of the vibrational modes to appear in the spectrum save for the strongest modes identified in the X state. We consider the determination of the A-X separation of 214 cm −1 to be likely correct.
However the large number of vibrational modes possibly active in the G conformer, makes it impossible to definitely affirm this value or rule out that the A-X separation is just too small to be resolved.
The largest discrepancies between the calculated harmonic frequencies and the experimentally observed anharmonic frequencies lie, for the T conformer, with ν 
1-Butoxy
For 1-butoxy, the DF spectra were recorded by pumping bands A, B and C shown in Fig. 2 . Band A has been identified 6 as the origin of the G 1 T 2 conformer, band B is the origin of the T 1 T 2 conformer and band
The DF spectra of these species are shown in Fig. 6 , while Fig. 7 shows an expanded view of their DF spectra up to ≈1600 cm −1 red shifted from the pumping frequency.
Using our experience with the T conformer of 1-propoxy, the vibrational interval of 1052 cm −1 measured from the X state origin may be associated with the CO stretch progression in the X state for the T 1 T 2 conformation of 1-butoxy. Since the vibrational mode, ν 23 , encompasses the largest CO stretch character we assign this band and the higher members of the progression to this mode. On the grounds of matching well with the theoretically calculated frequencies (see Table 10 ), the following low-intensity, totally symmetric fundamentals were assigned in the X state: the bands at 395 (ν Following the same arguments for the assignment of the A state origin in the T conformer of 1-propoxy (and within the expectedly large interval of uncertainty of our theoretical calculations quoted in Table 10 .
While the T 1 T 2 conformer of 1-butoxy is a near-C s symmetry structure, the geometry of the T 1 G 2 conformation is characterized by significant departure from the C s -symmetry reference structure. The CO stretch progression in the X state is easily identifiable in Figure 6 . The vibrational 1-0 spacing of the first number of this relatively strong CO stretch progression is 1050 cm −1 and we associated ν 24 with strong CO stretch character mode with this band. (See Table 5 of the Supplementary Material.) Using as a reference the calculated frequencies, we make additional assignments of the lower intensity bands in the X state.
The weak peaks at 79 (ν The assignment of the A state origin is based on the consideration that the strong CO stretch progression appearing in the X state should also appear in the A state. The band at 1300 cm −1 is most likely the first member of the CO stretch progression in the A state, and is likewise assigned to ν A 24 . This assignment identifies the origin of the A state at 271 cm −1 above the X state. Other observed peaks at frequencies lower than 1600 cm −1 that may be assigned to the A state are given in Table 11 .
For the G 1 T 2 conformation, a pronounced vibrational progression with a 1-0 interval of 1067 cm
is attributed to the CO stretch motion in the X state and is assigned to ν 23 , the character of which is predominantly the CO stretch movement (see Table 6 of the Supplementary Material). Based upon the match with the calculated frequencies, we assigned the following low-intensity bands: 259 (ν conformer, it is a straightforward task to complete our assignments in the A state. Other observed peaks are assigned in Table 12 .
2-Propoxy
The DF spectra for the unique conformer of 2-propoxy were recorded via two bands (A and B in Fig. 3 ), namely the origin band and the first member of the CO stretch progression. Fig. 8 includes, in the top trace, the extended DF spectrum recorded via the first member of the CO progression in the B state, and in the bottom trace an expanded view of the region red shifted up to ≈1300 cm −1 from the pumping frequency. The DF spectrum through the origin is almost identical with the spectrum recorded by pumping one quantum of CO stretch excitation but the latter has better signal/noise and we focus our analysis on it.
Our assignments for the nominally C s 2-propoxy are necessarily built upon the same principles as for the primary alkoxies. For the X state, we have identified a vibrational progression starting at 932 cm −1 red shifted from the pumping frequency (see Fig. 8 ) with ν 19 , a mode that bears significant CO stretch character (see Table 6 ). However as Table 6 shows in 2-propoxy, unlike the primary alkoxy radicals, there is a second mode, ν 14 , that has comparable CO stretch character. Referring to Table 13 we see that ν 14 is assigned to a band at 1169 cm −1 . Clearly the 932 and 1169 cm −1 frequencies are much lower and higher respectively than the CO stretch frequencies deduced above for the primary alkoxies. We propose that when discussing CO stretch motion in 2-propoxy, and comparing it with other alkoxies, the average value, 1050 cm −1 , of these two frequencies be considered. Based upon the match (see Table 13 ) with the calculated frequencies, we have assigned the other bands shown in the spectrum 1200 cm −1 to the vibrational modes placed within the parentheses (in cm −1 ): 254 (ν The assignment of the A state origin is somewhat challenging. After the above fairly straightforward X state assignments, there are two relatively strong bands, in the low-frequency region at 68 and 524 cm −1 , which are plausible candidates. We favor the assignment of the B − X origin to the 68 cm −1 band for a couple of reasons. First there seems no other explanation for a band at such a low frequency, as Table 6 indicates the lowest vibrational frequency should be ≈200 cm −1 . In addition as Table 3 shows, both the calculated and experimental trends for the A − X separation would indicate a value of 150 cm −1 , clearly inconsistent with an assignment to the 524 cm −1 . As Table 13 
2-Butoxy
There are some important differences between the 2-butoxy spectra and the other species that we have observed. Like most of the other species there are multiple conformers, denoted G+, G−, and T (see Fig. 1 ) for a total of 3. However unlike the other species there are no rotational analyses that assign a group of lines in the LIF spectrum to a given conformer. However Fig. 10 shows that the DF spectra from lines A and C and separately B and D are nearly identical. Thus we believe that the LIF lines A and C likely belong to a given conformer, which we call A, and lines B and D belong to a second conformer, which we call B.
In addition to the conformer assignment issue, the general appearance of the 2-butoxy DF spectra is significantly different from the other species. Clearly there are fewer individual lines observed in the lowfrequency, red-shift region and as the frequency increases, the lines become broader and congestion becomes greater. There is also a tendency, as we will see below, not to see a precise repetition of fundamental frequencies in the combinations, nor a precise repetition between the A − X intervals. We believe all of these effects stem from two factors: (i) the increasing size of the molecule with additional vibrational degrees of freedom and (ii) a small A − X separation which combined with (i) engenders extensive vibronic interactions between the A and X states.
As a consequence of the above we limit ourselves to a somewhat less quantitative and less extensive analysis for 2-butoxy. Nonetheless, some quantitative information can be obtained from the spectra and is summarized in Tables 14 and 15. Using these Tables and Figs. 9 and 10 as a guide we can make the following observations. For conformer A there is a band at 125 cm −1 , much like the 68 cm −1 band in 2-propoxy. There is only one vibrational mode (see Tables 10-12 of the Supplementary Material), a backbone flex for which little intensity would be expected in the DF spectrum, at anywhere near this low a frequency. Hence like 2-propoxy, we assign this band to the B − A origin. Turning to conformer B, a corresponding band appears at 55 cm −1 , which can be identified as the B − A origin with even greater confidence.
As one would expect for both conformers there is a relatively long CO stretch progression but only the first member of it has significantly resolved structure. In conformer A, it appears that there are 4 discernible lines (see Table 15 ) which we assign to the two bands with strongest CO stretch character for each the A and X states. Referring to Table 15 we note the A − X separations do not match those of the origin region all that well, but we attribute this to the strong vibronic interactions among the multiple levels in this region. For conformer B, the pattern is even more complex in the CO stretch region, but it is again at least consistent with that expected.
To this point, except for the A state origin band, we have ignored the region red-shifted 0-900 cm It is useful to compare the C 1 symmetry 2-butoxy to 2-propoxy which has C s symmetry. As we have previously observed the "local" symmetry around the O chromophore is the most important thing for determining the electronic structure and spectrum. Referring to Fig. 1 , it is reasonable to argue that the local symmetry of T 2-butoxy is rather similar to 2-propoxy with G+ and G−, while having similar structures among themselves, are both somewhat distinguished from the T conformer. The qualitative observation is supported by the calculated vibrational frequencies of the three conformers in Tables 10-12 We note that there appear to be noticeable differences between the spectra of the A and B conformers.
Based upon the above we expect one to be the T conformer while the other is either the G+ or G− conformer, with the G+ conformer more likely since it is computed to be the lowest energy and for the primary alkoxies the lowest energy conformer has always been observed.
If one accepts the above reasoning, it remains to suggest how A and B correlate to G+ and T . We argued earlier that the T conformer seems structurally more similar in the local O environment to 2-propoxy. Hence it may follow that the 55 cm −1 A − X separation of the B conformer, being very similar to the 68 cm
value for 2-propoxy, makes it more likely correlated to the T conformer structure, leaving the A band for the G+ conformer. While we believe the analysis to be reasonable, we stress that definitive correlation must await relational analyses of the A and B conformer bands.
Discussion
There are two primary kinds of quantitative information that result from our DF studies of the alkoxy radicals, namely the A − X separations and the vibrational frequencies of the two states. We discuss these in turn and wrap up this section with some observations on qualitative aspects of the DF spectra.
It is important first to comment on the reliability of the A − X separations from the DF data. The precision of these values is 10 cm −1 but given the inherent spectral complexity there is always the possibility of assignment error. For example we now report a value of the A − X separation for ethoxy although none was reported by Zhu, et al. 8 in their analysis of the DF spectrum. We have reassigned to the B − A origin the line assigned by them to the fundamental vibration ν 18 of the X state. We believe that this is very reasonable given the fact that this vibrational frequency agreed least well of any they reported, when compared to those of similar molecules. It also is a relatively strong transition, consistent with the B − X origin, but does not show a progression as expected for a strong vibrational band. Finally it is in good agreement with a value from a photoelectron detachment study 18 and qualitatively with quantum chemistry calculations.
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On the other hand, for 2-propoxy, the only other of these alkoxy radicals studied by electron detachment,
18
there is a marked discrepancy. However if our value is correct, then it is fairly easy to understand an error in the electron detachment work. It is unlikely that an A − X separation of 68 cm −1 would have been resolved in those studies. Therefore, an average, ≈1225 cm −1 , of two strong peaks was previously assigned as the A state origin. We believe that transition corresponds to the CO stretch fundamental. In the report on the photodetachment work, the authors pointed out that their A state assignment in 2-propoxy did not have the support of polarization data as did their assignment for ethoxy. We have pointed out the possibility of assigning our observed line at 524 cm −1 to the B − A origin, but if the A − X separation were this large it would be hard to understand while it was not observed in the photodetachment studies and it would be rather inconsistent with the quantum chemistry calculations, which as noted earlier are admittedly not very accurate for the A − X separation. Finally we pointed out that for 2-butoxy again it is possible to assign a transition, giving a much larger A − X separation ( 500 cm −1 ) but the proponderance of the evidence favors the 130 cm −1 values.
With these comments we now turn to the discussion of the values of the A − X separation in Table 3 .
Several trends are apparent. For a given species the conformer with the C s plane always has the largest A − X separation and it appears the stronger the deviation from symmetry near the O atom chromophore, the more pronounced the decrease in splitting. For a given 1-alkoxy conformer, T 1 or G 1 near the oxygen atom, increasing the alkyl chain decreases the A − X separation. Finally in going from a primary to a secondary alkoxy radical isomer, the A − X separation decreases significantly.
These experimental results are quite valuable, since the energy of the excited A state is quite important with respect to its participation in thermal reaction chemistry. Moreover, as we discussed earlier, the most advanced quantum chemistry calculations today can only give a qualitative idea at best as to its value.
The ability of calculations to predict vibrational frequencies is of course much better and we have strongly relied upon them for our vibrational assignments. However experiment clearly provides the "gold standard"
for the frequencies as well. As we have shown the DF experiments measure a fairly large number of X (and A) state vibrational frequencies for the alkoxies. Since modes involving the CO stretch character are the strongest we have the most information for them. Table 16 summarizes the experimentally determined X and A state CO stretching frequencies of the alkoxy radicals investigated thus far. It also includes the B state CO frequencies. It can immediately be noticed that the CO stretching frequency of the X state is always larger than that of the B state. The lowering of the frequency upon excitation is due to the expansion of the CO bond upon the electronic transition, as a consequence of exciting a bonding σ electron to a non-bonding, orbital localized on the O atom. Comparing the CO frequencies between the X and A states we notice an obvious similarity, a fact that is not surprising owing to the theoretically predicted similarity of the corresponding PES's.
The X state CO stretch frequencies of the T conformer of 1-propoxy, and T 1 T 2 and T 1 G 2 conformations of 1-butoxy are almost identical and very similar to methoxy. (Why ethoxy is significantly different is presently a mystery.) The G conformer of 1-propoxy shows a similar CO frequency with the G 1 T 2 conformer of 1-butoxy as well, but higher than the values for the other radicals. It seems that there is a consistent trend within the conformers of the primary alkoxies that involves a larger X state CO stretching frequency for the conformers that have a G local electronic environment around oxygen.
We conclude our discussion with a few words about the general appearance of the DF spectra. As expected as the energy in the X (or A) state increases the spectra become more congested and eventually discrete lines are not observed. It is also expected that this phenomenon occurs at progressively lower energy as the size of the radical increases.
However what is not particularly expected is significantly different behavior for different isomers and conformers which is most clearly indicated for propoxy in Figs. 5 and 8 . Striking is the degree of difference for the C s conformers of 1-and 2-propoxy. Even more interesting is how different the spectra of the T and G conformers of 1-propoxy appear. Consider also the vast difference in the congestion in the T and G 1-propoxy spectra for the X and A states at nearly the same energy. These results indicate the vibronic coupling must be rather isomer and conformer specific with possible implications for internal vibrational redistribution and dynamics in these species. We are presently developing a picture of the coupling in the X, A, and B states and plan to publish these results in the future.
Conclusion
DF spectra of the alkoxy radicals have been observed in a free jet expansion environment. Analysis of the spectra yields the energy separation between the vibrationless levels of the X and A states for most of the isomers and conformers of C n H 2n+1 O for n=3 and 4. These studies also provide considerable insight into the X and A state vibrational structure. The CO stretch progression dominates for all DF spectra providing the ν CO stretching frequency for the X state and in most cases for the A state as well as numerous other vibrations. Quantum chemical calculations have been performed and compared with the experimental observations. Generally speaking, the experimental results agree well with the theoretical calculations.
Observations are made concerning the degree of congestion of the DF spectra as the radical size increases.
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b The adiabatic A-X energy separations were calculated at the B3LYP/6-31+G* level of theory, except for those included in brackets which were done at the EOM-EE-CCSD/cc-pVDZ level of theory. The energy separation is calculated as the difference between the C 1 energy minimum of the X state and the C s energy minimum of the A state.
c See Ref. 8 . We have reassigned the transition previously assigned to ν 18 to the vibrationless level of the A state. The average value of the frequency was recalculated using the raw data in Table 2 b For a symmetry modes the CCO deformation is an in-plane bend and for a symmetry modes it is an out-of-plane twist.
c The contributions of various internal coordinates Q to the normal mode indicated in the first column are listed, other than the CO stretch or CCO deformation which are listed in the preceding two columns with a qualitative indication of their magnitude. b For a symmetry modes the (C) 2 CO (or HCO) deformation is an in-plane bend and for a symmetry modes it is an out-of-plane twist.
c The contributions of various internal coordinates Q to the normal mode indicated in the first column are listed, other than the CO stretch or CCO deformation which are listed in the preceding two columns with a qualitative indication of their magnitude. b The contributions of various internal coordinates Q to the normal mode indicated in the first column are listed, other than the CO stretch or CCO deformation which are listed in the preceding two columns with a qualitative indication of their magnitude. 
